Cross-language studies have shown that Voice Onset Time (VOT) is a sufficient cue to separate initial stop consonants into phonemic categories. The present study used VOT as a linguistic cue in examining the perception and production of stop consonants in three groups of subjects: unilingual Canadian French, unilingual Canadian English, and bilingual French-English speakers. Perception was studied by having subjects label synthetically produced stop-vowel syllables while production was as•ssed through spectrographic measuremenCs of VOT in word-initial stops. Six stop consonants, common to both languages, were used for these tasks. On the perception task, the two groups of unilingual subjects showed different perceptual cro•sovers with those of the bilinguals occupying an intermediate position. The production data indicate that VOT measures can separate voicing contrasts for speakers of Canadian English, but not for speakers of Canadian French. The data also show that language switching in bilinguals is well controlled for production but poorly controlled for perception at the phonological level.
INTRODUCTION
Bilingual speakers appear to have little difficulty in keeping their ywo languages distinct. This observation, backed by the results of experimental studies at the lexical, syntactic, and semantic levels, •-2 implies that bilinguals have developed separate strategies for independently processing linguistic material in each language. Yet, little is known about how bilinguals process language at the phonological level. The experiment reported here was designed to study this question; our specific intention was to investigate how bilinguals perceive and produce the voiced and voiceless forms of the stop consonants/b-p/,/d-t/, and/g-k/.
Phonetidans have invoked various phonetic dimensions in order to capture the voiced-voiceless distinction prevalent in most languages. In the particular case of English stop consonants, for example, distinctive features such as voicing, aspiration, and articulatory force have all been implicated, either individually or in combination, as features sufficient to generate the phonemic categories/p,t,k/ and/b,d,g/. a-4 However, the apparent independence of these features has been questioned. Lisker and Abramson *-e have sought to demonstrate that these features can be completely derived from the single articulatory variable of voice onset time (VOT). VOT stands for the temporal relation existing between changes in the glottal aperture and the supraglottal gestures; and acoustically, it is realized as the timing difference between the release of the stop occlusion and the onset of quasi-periodical laryngeal vibrations. s
The importance of this temporal cue has now been well documented. Cross-language studies of speech production have shown that variations in VOT distinguish voicing contrasts not only in English, but in many other languages2 Moreover, these same studies have found that the different languages use somewhat similar locations along the VOT continuum to produce voicing distinctions. In addition, experimental observations have indicated a complementary use of VOT in perception--vadations along this dimension being a sufficient cue for perceptually categodzing stop consonants into phonemic categories. TM Given this evidence, we felt it would be instructive again, when they were in a set for the other language. Further, and in order to establish baselines against which to measure the effects of acquiring two languages on the phonological system, we also tested unilingual speakers of the languages involved. In each condition, perception was assessed by having subjects label synthetic speech sounds that differed in VOT, while spectrographic analyses of spoken stop-initial words were used to assess production. Our subjects were either unilingual or bilingual with respect to Canadian English and Canadian French.
I. METHOD

A. Materials
The experimental stimuli in the perception part of the study were three different continua of stop+vowel syllables synthesized at the Haskins Laboratories. The basic pattern for each stimulus item consisted of three steady-state formants for the vowel Is] to which was added the appropriate release burst and formant transitions to produce either the bilabial, alveolar, or velar stops. Each of these three sets contained 37 syllables and varied only on VOT. The duxation of each syllable was 350 msec. The VOT values ranged from 150 msec preceding (--150) to 150 msec following the release burst in steps of 10 msec, except for the range of -10 to 50 msec where steps of 5 msec were taken. Five random sequences of each of the three basic continua were produced by splicing. These 15 sequences were employed in the perception test.
The words used to assess production were common stop-initial English and French words, typed on 3X5 white cards. With the exception of one English word, none of the words used in the experiment were minimal pairs. There were nine words for each of the six stop consonants for each language, thus making a total of 54 English and 54 French words. Only three words, those with a stop+l-a-] initial, for each consonant, were analyzed. Thus the number of words analyzed were: 180 for each unilingual group and 360 for each of the two language conditions of the bilingual group.
B. Subjects
Forty subjects were paid to participate in this experiment: 10 unilingual Canadian English speakers (UE), 10 unilingual French Canadian speakers (UF), and 20 Canadian French-English bilinguals (BF and BE). The subjects were either high school or university undergraduate students with ages ranging from 17 to 25 years. Of these subjects, 19 were female and 21 were male, and all had normal heating as reported subjectively.
The unilingual subjects were all native speakers of their respective languages, either English or French. However, they all knew some words in the other language, which is unavoidable in a bilingual country. The bilingnal subjects were all native speakers of French and had begun to acquire English at no later than their seventh birthday. Actually, 10 of these subjects were classified as compound bilinguals and 10 as coordinate bilinguals, the former category referring to those subjects who had learned both languages in the same social context, the latter to those who had lea. med their languages in different contexts? We had felt initially that there might be some differences between these two groups. However, since no major differences arose, either in the perception or production part of the experiment, we have treated them as one group.
Bilingual proficiency was determined in two ways. Subjects were initially screened by having them produce self-ratings of their knowledge of English on a 7-point scale, with values ranging from no knowledge (1) to excellent knowledge (7). Only those subjects who achieved and Sensibility. Reading speed has been shown to be an effective measure of bilingualism • and so the first 20 subjects that read aloud at a rate of at least 180 words/min. were tested in the present experiment.
C. Procedure
Subjects were tested individually in acoustically quiet rooms. The unilingual speakers were tested in a single session eit_h_e_r•at_ an English university or at a French high school, depending on the language group they belonged to. Two different experimenters were employed: one, a native speaker of Canadian English who tested the English subjects, the other, a native speaker of Canadian French who tested the French subjects. The bilingual group was tested twice, once by the English experimenter in the English university and once by the French experimenter in the French high school. The two testing sessions for the bilinguals were between two and three weeks apart, and were counterbalanced in terms of which language was tested first. In addition, precautions were taken both to maintain uniformity between the two testing sessions and to create a psychological set for one or the other language. In the English testing situation, then, materials, instructions, and the atmosphere, in general, were maximally accentuated as being English, while in the French condition these variables were emphasized as being French.
Each testing session began by having the subject read aloud a set of English or French stop-initial words containing either of two homorganic consonants, e.g., papillon-ballade, and by recording his responses on tape. The subject was then asked to label the VOT variants for the same class of stops that he had just read. The response mode in this task was to have the subjects mark on a printed form their choice of either the voiceless or voiced form of the hornorganic pair being tested. The stimuli for this part of the experiment were delivered through binaural headphones, and consisted of the five different random orders of the continuum. This procedure, of assessing production first and then perception, was repeated for each of the three classes of stops, bilabial, alveolar, and vetar.-The unilingual subjects thus read three sets of words and labelled each of the three stop continua. In contrast, the bilingual subjects, who paxticip•ted •both in the English and French conditions, read six sets ooe words, three set• in• English and three sets in French; also, they labelled each of the three stop continua twice. The order of presenting the three types of stop consonant pairs, i.e., bilabial, alveolar or velar, was random.
Wide-band (and whenever necessary narrow-band) spectrograms were made of the recorded words and_ analyzed on a voiceprint sound spectrograph. VOT values were obtained directly from these spectrograms by measuring the distance between the onset of energy in the formant frequency range representing the release of air pressure and the first vertical striations representing glottal pulsation.
H. RESULTS
A. Perception
The average identification functions for each of the three groups of subjects are presented separately for the bilabial, alveolar, and velar stops (Figs. 1, 2, and  3) . In each of these three figures, the percentage of "voiceless" responses (p, t, or k) is plotted as a function of the VOT continuum. The 50% crossover points for the two unilingual groups are clearly different from each other. In all cases, these perceptual crossovers are at lower VOT values for the UF subjects than for the UE subjects. This is especially so for the bilabial and UF  8  17  21  15  14  23  UE  24  7  25  5  38  7  BF  19  8  24  6  28  8  BE  17  10  23  7  27  8 UE speakers, they utilize this acoustic cue more than UF speakers do. Another point of interest in the bilingual data is the similarity of the curves in the two language sets. In neither language mode was there any switching of the .g., monotonicity) . While rate of change captures the degree of dispersion, or variability of response best, this characteristic can be further defined by the shape of the function. Thus far, however, we have been estimating these three measures directly from the graphs; and although differences and similarities among the group functions are readily apparent from the graphs, they do not permit descriptive statistical analyses. Therefore, to measure the degree of dispersion of the various perceptual functions we have adopted a curvefitting procedure termed Probit Analysis. ts This analysis makes use only of the data lying between the asymptot(c regions of each curve and yields quantitative estimates of both the 50% crossover points (means) and the slopes of the curves, the latter being inversely proportional to the standard deviations of the distribution of data points. Parenthetically, it should be noted that if identification functions are to be used as evidence for positing that speech perception is categorical, then these functions should be monotonic in the crossover range. Gross violations of monotonicity 424 Volume 54 imply that the independent variable (i.e., VOT) is only weakly .correlated with some variable which is influencing the subject's decision. Table I presents the outcome of the Probit Analysis: means and standard deviations for the three groups of subjects are shown separately for the three stopconsonant pairs. In all cases th• quantitative results are well aligned with the estimates taken from the graphs. The variability of response is lowest for the UE group, next lowest for the bilingual group (in both language modes), and highest for the IJF group. The large amount of variability in the UF group supports the suggestion that they do not use VOT as a major cue in discriminating voiced from voiceless consonants. The bilingual group, however, does appear to utilize this acoustic cue: the standard deviations for this group, while slightly greater than those for the UE group, are much smaller than those obtained for the UF group. In addition, the consistency of the means and standard deviations in the two language modes suggests that bilinguals use the same phonetic criteria when perceiving voicing distinctions in French as they do when perceiving these distinctions in English.
B. Production
Histograms of VOT distributions for the two unilingual groups are presented in Fig. 4 . As can be seen from the lower panels of this figure, the distributions of VOT values for the UE subjects do not overlap on any of the three phonetalc contrasts. For the UF group, however, the separation between phonetalc categories is not so marked; there is, in fact, a substantial degree of overlap for each phonetalc contrast (Fig. 4,  upper panels) . These resnits complement the findings on the perceptual task: VOT appears to be an important variable for voicing distinctions in Canadian English but not in Canadian French. Figure 5 presents the bilingual production data separately for the French and English modes. As shown, 'the bilingual subjects produced voicing distinctions which were clearly different for the two languages; and this disparity stands in marked contrast to the similarity of their perceptual functions in the two language modes. When speaking French, they produced stops with overlapped VOT values similar to those of the UF group, whereas when speaking English, their VOT values shifted toward the LTE subjects' distribution range and showed a clear separation for each phonetalc contrast. However, as is apparent from the mean values of VOT for the voiceless consonants (Table II) , the bilingual subjects were more closely aligned with the UF group, when in the French mode, than they were with the UE subjects, when in the English mode. This may reflect the fact that, while our subjects were bilingual, they had acquired English as their second language.
Parametric statistical tests could not be performed on all the production data because of the clearly bimodal, in fact discontinuous, distributions of the voiced stops. A repeated measures analysis of variance compared the performance of the bilingual speakers on the three voiceless stop consonants in the two language modes. Performance in these two modes was significantly different [F(1,19) The It may be, then, that other phonetic dimensions such as articulatory force (fortis-lenis) 4 or perhaps rate of formant transition xe are the relevant phonetic dimensions for the UF speakers. In any event, the data obtained from the UF group cast doubt on axty theory assigning VOT a universal status in the total determination of the phonetic dimensions of voicing, aspiration, and articulatory force.
B. Bilingual Speakers
While there are a number of fairly evident conclusions to be drawn from the bilingual data in this study, the generalization of these conclusions to other bilingual populations must be limited. Specifically, having suggested that VOT is phonemic in Canadian English but not in Canadian French, our results cover only those bilinguals who have acquired a second language in which phonemic distinctions are based on an articulatory variable (e.g., VOT) not present in the firstlearned language. Such bilinguals are to be distinguished from any who have acquired two languages, both of which base phonetalc distinctions on the same articulatory variable.
In this context, consider first the production data. When speaking in French, the bilinguals showed a marked overlap in their VOT distributions for each phonetalc contrast. These distributions very closely resembled those shown by the [IF subjects, and, in fact, no statistical differences emerged between the two groups on this measure. It seems, therefore, that the bilingual subjects had retained the Canadian French mechanisms of encoding speech. In other words, there is no evidence of phonological interference from their second language (English).
Yet the phonological system of the bilingual is not completely free from interlanguage interference. Rather the interference appears to be unidirectional: from the first, perhaps stronger language to the second, perhaps weaker language. The bilingual subjects were capable of switching encoding mechanisms at the phonological level, but they did so imperfectly. Thus, although they showed both a shift in VOT to the UE distribution range and a clear VOT separation for each phonemic contrast when speaking in English, they did not totally align themselves with the UE group on these measures. Analyses' of variance performed on the distributions of VOT values for the voiceless consonants did yield significant differences between these two groups.
Statistical analyses could only be carried out on VOT distributions for the voiceless stops, but the VOT distributions produced by the bilingual subjects for the voiced stops also warrants consideration. Specifically, it should be noted that they showed no appreciable differences in the two language modes for the voicing lead and short voidng lag regions. Thus, the difference in their productions of French and English words was in the amount of voicing lag produced in uttering the voiceless words. This suggests that in acquiring English the bilingual subjects learned to control VOT in their productions of the voiceless consonants and did not modify their productions of the voiced consonax•ts. These results suggest that VOT control is important only at phonemic boundary regions and relatively unimportant at other points in the productive range, where the information carried by VOT is phonemically irrelevant.
Unlike the production results, the perceptual functions in the two language sets were not very different from eax:h other: both curves had similar shapes, steep yet nonomonotonic, and both showed perceptual crossover points at positions intermediate to the UF and UE functions. The fact that the identification functions are steep suggests that the bilinguals were making greater use of VOT as a phonetalc cue than were the UF subjects. The results suggest that perhaps the bi• lingual subjects had to de•i with the test stimuli as if they were exemplaxs of English speech sounds in order to use this VOT information. This is supported by the fact that the identification functions of the bilingual subjects closely match predictions which can be made from their productions of English words but not French words. The lack of monotonidty in their identification functions, however, suggests that the effects of interference from their first-learned language are seen in perception as well as production. In general, it appears reasonable to suggest that the phonological processors the bilingual acquires for his second language are contaminated by properties accruing to his first language. Further, unlike the learning of a second vocabulary, the acquisition of a second phonological system does not appear to be quantal. Rather, the process seems to consist of a gradual and continuous progression toward a target which may never be attained: and this appears to hold for perception and production.
However, when the similarity of the perceptual functions in the two language modes is contrasted with the difference shown for the production distributions in these language modes, the bilinguals appear better able to adapt their production mechanisms than their perceptual mechanisms to the second language. This ability to switch mechanisms from one language to another has been reported in detail elsewhere, •7 but briefly stated, it seems that language switching is easier for production than for perception. In perception, the stimulus itself seems to determine the type of analysis to be performed.
